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ABSTRACT: Localized surface plasmon resonances have attracted [REf S ian Ly
much attention due to their ability to enhance light matter
interactions and manipulate light at the subwavelength level.
Recently, alternatives to the rare and expensive noble metals Ag
and Au have been sought for more sustainable and large-scale
plasmonic utilization. Mg supports plasmon resonances, is one of
the most abundant elements in earth’s crust, and is fully
biocompatible, making it an attractive framework for plasmonics.
This feature article rst reports the hexagonal, folded, and kite-like
shapes expected theoretically from a modi ed Wul construction for
single crystal and twinned Mg structures and describes their
excellent match with experimental results. Then, the optical response of Mg nanoparticles is overviewed, highlighting Mg’s ability to
sustain localized surface plasmon resonances across the ultraviolet, visible, and near-infrared electromagnetic ranges. The various
resonant modes of hexagons, leading to the highly localized electric eld characteristic of plasmonic behavior, are presented
numerically and experimentally. The evolution of these modes and the associated eld from hexagons to the lower symmetry folded
structures is then probed, again by matching simulations, optical, and electron spectroscopy data. Lastly, results demonstrating the
opportunities and challenges related to the high chemical reactivity of Mg are discussed, including surface oxide formation and
galvanic replacement as a synthetic tool for bimetallics. This Feature Article concludes with a summary of the next steps, open
questions, and future directions in the eld of Mg nanoplasmonics.

Article Recommendations |

INTRODUCTION 26 28

Over the past decades, nanotechnology has revealed a multitude
of fascinating new phenomena. An emerging theme is that, at the

applications, while the strength and decay length of the
local electric eld can be focused for surface enhanced

spectroscopies®®*** and the peak width, minimized for

nanometer scale, shape and size control the properties of
materials, including optical, magnetic, chemical, and electronic,
to name a few.

A particularly active eld of research bene ting from this
opportunity is that of nanoparticles (NPs) of free-electron
metals such as Al, Cu, Au, and Ag. Indeed, they attract much
interest owing to their ability to support localized surface
plasmon resonances (LSPRs), a resonant oscillation of
conduction electrons driven by the oscillating electric eld of
light. LSPRs give rise to enhanced, wavelength-dependent light
absorption, light scattering, and local con nement of the electric

eld in the nanoscale region near the NP’s surface. Plasmon
resonances can therefore, in principle, be useful whenever strong
electric elds or enhanced light matter interactions are sought.
Applications, developed over the past decades and constantly
evolving, range from hyperthermia-based cancer treatment" °to
surface-enhanced spectroscopies,® ** chemical and biological
sensors,*? ' photocatalysts,"® % and optical waveguides.***°

To optimize a system based on plasmonic NPs, one must ne-
tune their optical response. For instance, the absorption/
scattering ratio should be maximized for photothermal
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e cient refractive index sensing.® ° Manipulating these
properties can be done via size, shape, and composition control,
generating much interest in the understanding of crystal growth
and shapes as well as the development of synthetic and
fabrication approaches. These are now mature elds for the most
common plasmonic NPs, of Ag and Au, for which an extensive
array of shapes can be achieved and rationalized.

However, Ag and Au are rare and expensive, and Ag su ers
from sustained oxidation and tarnishing, signi cantly a ecting
its optical properties in a matter of hours to days in air.*"*
E orts to nd viable alternative plasmonic materials that are
earth-abundant have been met with limited success. Indeed, very
few elements and compounds have the dielectric properties
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required to sustain strong resonances, namely a small positive
imaginary and large negative real dielectric constant, ideally
across the ultraviolet (UV), visible and infrared (IR).* " A
possible candidate, Cu, is cheaper than Au but more lossy*
across its visible to IR operating range, leading to weaker,
broader resonances. Most importantly, Cu su ers from rapid
( hours or less) and complete oxidation to a non-plasmonic
oxide when in contact with water or air.*®3° Al is a newer but
increasingly well-known plasmonic metal, with resonances in the
UV and visible up to 700 nm owing to a strong interband
transition leading to high losses at lower energies.***%** Self-
limiting surface oxidation stabilizes Al NPs in organic solvents.*?
Other metals have been considered, including Hg, Gd, and In, as
well as compounds such as indium-doped tin oxide (ITO) and
TiN; these have been discussed and reviewed elsewhere **** 4

Perhaps one of the newest plasmonic metals is Mg. It has a
broad operating range and an unusual, compared to Al, Cu, Ag,
and Au at least, hexagonal crystal structure. Recent experimental
work has demonstrated that top-down fabricated Mg nano-
structures sustain LSPRs. For instance, Mg helices exhibit a
chiral photoresponse,*” disk arrays fabricated by hole-mask
colloidal lithography interact strongly with visible light,” and
aperture Ims enhance uorescence radiation rates.>* In
addition to showing plasmon-driven enhanced light-matter
interactions, Mg has the remarkable ability to switch from a
plasmonic state, when Mg is metallic, to the non-plasmonic
MgH, phase upon reaction with H,°°**°® Return to a
plasmonic state, fully reversibly, occurs with the introduction
of O,; the g)rocess can be enhanced by a thin catalyst layer (such
as Pd/Ti*"). Such switching provides a platform not only for
hydrogen storage and sensing® °° but also for dynamic
nanoplasmonics that can cover the entire visible color range,
with potential application in displays.>”*® Incidentally, Mg-
based pixels irreversibly disintegrate in water, putting into
question their robustness as a technological product although
creating opportunities for stealth, biodegradable messaging.”

While they provided the foundations of Mg plasmonics, these
fabricated structures are rough and polycrystalline, leading to
several drawbacks, including enhanced oxidation,** trans-
formation kinetics varying from grain to grain,>* and lower
quality plasmon resonances.®** In parallel, the synthesis of
small Mg particles has gained momentum in the hydrogen
storage community®* *° seeking enhanced surface area to
volume ratios. Meanwhile, Mg NPs have been demonstrated to
enhance light absorption for biocompatible photothermal
cancer therapy by Locatelli et al.” and colleagues in Martin et
al.* albeit the authors do not mention the NP’s plasmonic
behavior, nor do they characterize them optically. Our recent
demonstration of size-dependent LSPRs in both the far- eld and
the near- eld for colloidally synthesized Mg NPs®® brought
together some of the eld’s nascent ideas and started new
research e orts with exciting prospects for novel plasmonic
shapes and properties.

In this Feature Article, results on the crystalline, optical, and
chemical properties of nanostructured Mg will be highlighted.
First, the unusual shapes adopted by single crystalline and
twinned Mg NPs will be discussed in the rigorous framework of
the Wul construction. Then, the focus will shift on the
plasmonic response of various Mg NP shapes, probed with both
numerics and experiments for both optical and electron beam
excitation. Lastly, the challenges and opportunities related to the
high reactivity of Mg will be considered, including decoration via
galvanic replacement, and oxidative stability. Together, these

results constitute the seed of the nascent eld of colloidal Mg
nanoplasmonics.

RESULTS AND DISCUSSION

Crystallography and Unusual Shapes of Mg. Mg
crystallizes as hexagonal close packed (HCP, space group P63/
mmc, a = 320.94 pm, ¢ = 521.08 pm). This is unlike all other
mainstream plasmonic metals (Al, Cu, Ag, Au) that adopt the
same face-centered cubic (FCC) structure. The shapes of FCC
crystals, formed by roughly a quarter of the elements (Figure 1),

Figure 1. Stable crystal structure of the elements. Together, face-
centered cubic (FCC), hexagonal close packed (HCP), and body-
centered cubic (BCC) account for 68% of stable crystal structures.
Other structures are rhombohedral (RHO), hexagonal (HEX), simple
cubic (SC), orthorhombic (ORTH), diamond cubic (DC), tetragonal
(TET), double hexagonal close packed (DHCP), and monoclinic
(MON). Data from refs 64 and 65. The structures of Mc, Lv, and Ts are
uncertain.

are well-understood and several protocols exist to control shape
and twinning. Meanwhile, HCP metals are equally common yet
much less is known about their synthesis and shapes in colloidal,
metallic (nonoxidized) form.

Both HCP and FCC are close-packed lattices, the former
possessing an ABAB packing of close-packed planes, and the
latter, ABCABC. This results in anisotropy in the HCP lattice, as
the c-direction is unlike the equivalent a and b directions. This
anisotropy bestowed by the di erent packing sequence leads to
di erent low-energy planes in HCP than in FCC, hence
di erences in exposed surfaces and twin planes. HCP and FCC
thus have drastically di erent crystal shapes.

Before shapes are explored, the nomenclature in hexagonal
systems will be reviewed to avoid any confusion. In most crystal
systems, planes are described by the Miller indices (hkl); families
of planes are referred to as {hkl}. Directions use the [UVW]
notation, families, UVW . As an example, the planes (100),
(010), and (001) are equivalent and part of the {100} family of
planes in the cubic system. This nomenclature can apply to
hexagonal systems but yields unrelated set of indices for
symmetry-equivalent planes, for instance, the (110) and (100).
To remedy this, the u-axis is constructed as to be 120° from both
aand b; then Miller Bravais indices (hkil) are used, withi= (h
+k).%® Now the equivalent planes (1100) and (1010) are in the
{1100} family of planes and have similar indices. The
convention for directions utilizing the Weber symbols

UVTW is not as straightforward nor broadly adopted,;
fortunately, it is not needed here.

In HCP, the plane basal to the unit cell and perpendicular to
the c-direction, (0001), is close-packed (Figure 2), and therefore
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Figure 2. Mg crystallography and twin planes. (a) Aerial view of a
hexagonal plate showing the relative orientation of the (101x) and
(1121) planes. (b) Position and orientation of the planes within the
hexagonal unit cell of Mg, following the color coding of (c). (c) Atomic
packing of facets (0001) and (1010), and twin planes, (101x) with x =
1,2,3and (1121). The alternating ABAB close-packed layers of Mg are
represented in alternating blue and yellow atoms. (a) and (b) adapted
with permission from ref 62. Copyright 2020 American Chemical
Society.

has the lowest surface free energy ( ) in the absence of other
factors (e.g., in a vacuum). The pair (0001) and (0001)
directions are the only two close-packed planes in the structure;
they are not symmetry equivalent to the unit cell’s other
bounding facets of which (1010) and (0110) are examples. This
is unlike the FCC structure where the low-energy planes, {111},
have eight equivalent orientations (four pairs) perpendicular to
a body diagonal of the unit cell. In addition, HCP has multiple
densely packed planes, as shown in Figure 2. These include
{101x}, where, when x = 0, these are parallel to the ¢ axis and
then, as x increases from 1 to 3, the planes tilt downward and
become more scarcely packed. Planes of type (112y) are also of
low energy, with the most densely packed nonparallel to c among
those, (1121), shown in Figure 2. Together, these are the most
likely planes to be expressed at the surface of a crystal and serve
as twin planes.

The relative surface energy and orientation of planes in a
crystal dictates its habit, i.e., its shape, as explained by Wul over
a century ago.’” Wul stated that the shortest (i.e.,
perpendicular) distance between the center of a crystal and a
crystal facet is proportional to the surface energy of that facet. In
FCC, a low {111} energy followed by a modest {100} energy
leads to the thermodynamic cuboctahedron shape sometimes
laxly referred to as “the Wul shape”. In HCP, the Wul
construction implies a short distance for the lowest energy
{0001} planes and the formation of platelets with hexagonal
shapes.

This mathematical approach to predicting shapes from
surface energies can be adapted to twinned crystals as
introduced by Marks®® and further developed by Ringe, Van
Duyne and Marks®® to introduce kinetic e ects and match
shapes experimentally obtained. In short, segments are
assembled along the appropriate twin plane, with the shape of
each segments obtained from a (truncated) Wul construction.
Recently, Boukouvala and Ringe encoded this in a simple
graphical user interface (GUI) we now call Crystal Creator.”
The package, shown in Figure 3, models the shape of a crystal
based on twinning and relative surface energies; a conformal
shell of arbitrary thickness can also be added. The shape is
exported as a gure or a fully formatted SHAPE e, i.e., the
dipole array used as an input for calculating near- and far- eld
plasmonic behavior using the discrete dipole approximation

Figure 3. Crystal Creator, a Wul -based approach to generate cubic
and hexagonal crystal shapes including twins and shells. (a) The
graphical user interface generates an array of dipoles as shown in (b) for
atent NP. This array can then be exported asa DDSCAT-formatted le
to perform numerical simulations of the (c) far- eld and (d) near- eld
plasmonic response.

(DDA) in the numerical package DDSCAT for optical
excitation* ® or e-DDA™ for electron beam excitation. In
Figure 3, a Mg tent NP with 15 403 dipoles has been generated
by the code and used to calculate the optical scattering response
in DDSCAT for a beam traveling along the NP’s bisector with
polarization along the long (longitudinal) and short (transverse)
NP axis. The associated local electric eld at the tips of the NP
with transverse excitation is also shown as an example of the
numerical results enabled by combining Crystal Creator and
DDSCAT.

The graphical user interface, initially published for cubic
structures by Boukouvala and Ringe,”® and now augmented to
include shape modeling for hexagonal systems with various
twins, is available, in its most up-to-date form, free of charge on
the group’s Web site, https://www.on.msm.cam.ac.uk/code.
html.

This Wul construction tool and the numerical simulations it
enables are invaluable to predict and understand the shape and
optical behavior (see next section) of plasmonic NPs, for both
FCC and HCP. In FCC Al, Cu, Ag, and Au, twinning occurs on
{111} planes and there can be 2, 5, or 20 segments, leading to
bipyramidal, decahedral, and icosahedral shapes, respectively;
this array of possible shapes and compositions indeed provides a
rich repertoire of plasmonic response for the FCC metals. In the
less well-studied HCP Mg, twinning can readily occur along
multiple planes, namely, the (101x) with x = 1, 2, and 3 and
(112y) with y = 1, 2, 3, and 4.°">7° This complex twinning
behavior suggests a plethora of crystal habits for particles with
the same number of segments (2) and equivalent relative surface
energies (Figure 4).

Many of the unusual shapes predicted by the Wul
construction for twinned HCP NPs have been observed
experimentally for Mg, some 40 years ago by Ohno et al. from
gas-phase NP deposition’® and many more colloidally by
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Figure 4. Shapes of single crystalline and singly twinned Mg NPs. (a) Predictions from the Wul model (top) and scanning electron microscopy
(SEM) images, all on the same scale, of reaction products for a single crystal, tent, chair, taco and kite. (b) Shape distribution from 320 NPs. Plates (AR

1) include hexagons and truncated hexagons; folded structures (AR < 2.2) are kites (orange), tacos (red), chairs (blue), and tents (green); rods (AR
>2.2) include lled chairs (black) and truncated plates (yellow). (c) Large-scale SEM image of various NPs and aggregates, with examples of structures
identi ed and reported in (d). Adapted with permission from ref 62. Copyright 2020 American Chemical Society.

Asselin, Boukouvala et al. this year,%? as shown in Figure 4.
Similar to single crystals, the twinned NPs are bound by the low
energy {0001} and {1010} facets. The NPs containing a (101x)
twin plane with x = 1, 2, and 3 form ten-facet structures akin to
folded hexagons with increasingly small folding angles of 123.8°
(tent), 86.4° (chair), and 64.0° (taco), respectively. Of the
comparatively higher energy twin planes (112y), only y = 1 has
been experimentally observed. The resulting shape is a folded
structure resembling a kite, this time with only eight facets due to
the orientation of the twin plane.

NPs of twinned Mg can rest in one of two orientations on a
substrate, which we call and . The con guration is the
highest symmetry where the NP sits with the folding bisector
perpendicular to the substrate, as in the bottom right NP, a tent,
in Figure 4. NPs in the  con guration have one of the {0001}
facets in intimate contact with the substrate (tent in Figure 4a).
For hexagonal plates these con gurations are identical.

These shapes are strikingly di erent from the {111}-twinned
FCC NPs, o ering opportunities for novel near- eld light
localization. Further, these are only one set of shapes, obtained
in the same reaction mixture and thus with the same {0001}
{1010} relative surface free energy. For each type of twin,
various AR and shapes are possible given di erent surface

energies, suggesting a vast new playing eld for plasmonic light
control, including local eld distribution and polarization e ects.

While these numerous shapes present a thrilling range of
opportunities, they also lead to intrinsic issues of high
heterogeneity. Indeed, the small di erences in twin energies
between the many possible twinning orientations means many
types of nuclei are formed within the same reaction mixture.
Growth then occurs according to the relative surface energies
dictated by the material and the reaction conditions. While in
principle each type of seed should lead to only one shape, the

nal product nevertheless contains a shape mixture because of
the twinning mixture. This heterogeneity, from at plates to long
narrow tacos, leads to signi cant broadening of the optical
response of bulk solutions, a challenge for shape-property
characterization but a possible advantage when considering
absorption of a broadband emitter such as the sun.

LSPR Response in the UV, Visible, and Near-IR:
Theoretical Considerations. Free electron metals such as
Mg, Al, Cu, Ag, and Au can sustain strong plasmon resonances in
some or all of the UV, visible, and near-IR region of the
electromagnetic spectrum. The ability to sustain such
resonances is encoded in the frequency-dependent complex
dielectric function :

https://dx.doi.org/10.1021/acs.jpcc.0c03871
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where and are the real and imaginary parts, respectively. In
the bulk solid, the vanishing of the real part corresponds to its
volume plasmon resonance, at frequency ,, and the
accompanying transition from optical transparency (above )
to opacity (below ). In contrast, the imaginary part describes
optical absorption inside the medium, which damps and
diminishes the resonance. In metals, such damping is largely
attributed to interband transitions, i.e., the promotion of a single
particle from the valence to conduction bands.

In metallic nanoparticles, lower frequency plasmon reso-
nances, LSPRs, exist and are associated with excitations at the
interface of the metal and the surrounding medium. These occur
when the real part of the dielectric function is su ciently
negative relative to the surrounding medium, as exempli ed by
the (Frohlich) condition for the dipole resonance of a sphere:
= 2 medioms cONditions vary with the order of the resonance and
the shape of the NP.”"® Thus, a good plasmonic material has a
dielectric function with a small imaginary part and a large span of
negative real parts, enabling many and strong resonances.

There are no interband transitions in Mg across the UV,
visible and NIR owing to its electronic structure (s-metal),®’
such that it has relatively low losses (small ) across this range.
In contrast, Au and Cu have interband transition onsets in the
blue region of the visible, and Al has a relatively sharp interband
contribution centered near 800 nm. Further, omitting interband
e ects, the magnitude of  increases when moving away from
the plasma frequency ;a , far above the region of interest is
thus desirable and is achieved in Mg (10.6 eV) and Al (15eV’°)
because of a large number of electrons in the conduction band
on a per atom basis (2 and 3, respectively).

The dielectric functions of Cu, Ag, Au, Al, and Mg, shown in
Figure 5a,b, provide a basis for comparison of the quality and
operating range of these common plasmonic metals. It is
immediately obvious that Ag is far less lossy (small ) than most
metals from 300 nm onward; it does indeed sustain narrow
resonances, but oxidation and scarcity limit its practical
applicability. The loss pro les of Ag and its potential alternatives
can be summarized as follows:

€ Inthe UV, Mg, Al, and Ag have low losses, the latter only
past 300 nm. Cu and Au su er from signi cant losses
due to interband transitions.

€ In the violet to blue region ( 380 520 nm), Cu and Au
are still unsuitable, while the losses for the other metals
remain low.

€ Inthe green to red region ( 520 740), losses in Cu, Ag,
and Au are low; Mg and Al's increase with wavelength,
with Mg being consistently less lossy than Al.

€ In the near-IR, the noble metals slowly become
increasingly lossy, while Al displays a dramatic peak
near 800 nm (in both real and imaginary parts) owing to
interband transitions. Mg displays higher losses than Al
past 940 nm for the rst time past 200 nm.

Further to the inspection of the losses, the performance of
plasmonic materials can be assessed on the basis of the LSPR
quality factor, Q, spr, Which includes both the real and imaginary
parts of the dielectric function and is de ned'***“° as

Quspr=S — )

This gure of merit is reported across the UV, visible, and
near-IR for Mg, Al, Cu, Ag, and Au in Figure 5c in a semilog plot

Figure 5. Indicators of plasmonic behavior for Mg and the more
common plasmonic metals Al, Cu, Ag, and Au. (a) Real and (b)
imaginary part of the dielectric function from published values in
Palik** Rakic,*® and Johnson and Christy (J&C).” (c) Log of the
LSPR quallty factor Qspr as de ned in eq 2. (d) Solar spectral
irradiance,®° overlaid with the approximate color of the visible range of
the electromagnetic spectrum.

for clarity. Ag’s resonances are of overwhelmingly higher quality
across most of the range plotted. Cu and Au do not sustain
LSPRs in the blue and higher energy, again due to interband
transitions, and perform well in the red and IR. Lastly, Mg
outperforms Al in the entire visible range and even at its fringe.

An exciting application of plasmonics is light-driven catalysis,
especially if it utilizes naturally abundant sunlight. For
comparison purposes, a standard spectrum of solar spectral
irradiance, hemispherical on 37° tilted surface of the Earth
(matching the conditions in the contiguous USA®®), is plotted in
Figure 5d and the approximate location of colors extended to
Figure 5¢. Materials with quality factors that are high and/or
track the solar spectrum are good candidates for sustainable
catalysis based on plasmonic e ects. Mg performs remarkably
well at the peak of the solar spectrum, second only to Ag, and
signi cantly better than the other earth-abundant metal, Al.

Of course, results of the analysis of a metal’s dielectric
function are only an estimate as they do not include e ects such
as radiative damping, defect scattering, substrate contributions

https://dx.doi.org/10.1021/acs.jpcc.0c03871
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(if present), and inhomogeneous broadening in a bulk
sample.°®®" Nevertheless, they help provide a comparison
platform and a sunny outlook for Mg that encourages systematic
experimental veri cation. Further encouraging numerical
predictions for Mg, also yet to be matched with experimental
evidence, have been reported for properties such as heat power
delivered,®’ near- eld enhancement,*” absorption e ciency,*
and dielectric functions of alloys such as MgAg.%*

Plasmonic Behavior of Crystalline Mg Nanoparticles.
Inspired by the exciting predicted plasmonic properties of Mg
and their systematic experimental veri cation in fabricated
structures, our recent results focus on the understanding of
plasmon modes in well-de ned, faceted Mg nanocrystals.
Plasmonic NPs made from in-principle scalable colloidal
syntheses 0 er signi cant advantages over fabricated structures,
including potential for exceptional shape/size control and
homogeneity,®® ®° reduced acoustic vibration damping,®
smoother surfaces leading to narrower LSPRs,°“%%%" and
avoidance of damping from oxide inclusions within the
structures,** to name a few. Such features have fueled research
into colloidal approaches, which are now mature for Ag and Au,
increasingly well-known for Al and Cu, and still in early stages for
Mg.

Through these studies, we employ both (far- eld) optical
scattering and (near- eld) electron energy loss spectroscopy,
matched with numerical results utilizing the discrete dipole
approximation. The optical scattering of single particles
immobilized on a transparent substrate is obtained with a
dark- eld setup in an optical microscope and correlated with
electron microscopy.®® “* The dipole commonly dominates the
scattering spectrum, with some contributions from retardation-
enabled higher order modes at wavelengths no smaller than

375 nm owing to the operating range of the optics and camera
used. LSPRs can also be excited locally by an electron in
scanning transmission electron microscope electron energy loss
spectroscopy (STEM-EELS), where the spatial distribution and
energy of plasmon modes is mapped with nanometer resolution,
enabling the identi cation of the resonance energy and
symmetry (dipole, quadrupole, etc.).”” * STEM-EELS is a
powerful tool for the analysis of plasmonics in general, and Mg
plasmonics in particular because it reports a broad energy range
(sub-1 eV to 1000s of eV), capturing the large array of LSPR
energies possible in Mg as well as the bulk plasmon mode at =
10.6 eV, signature of metallic Mg.

Shape E ects. A simple and common shape produced by Mg
is a thin hexagonal plate. This is predicted by the Wul
construction for a single HCP crystal (Figure 4a) and described
by early synthesis papers.>**>°® We synthesized these structures
with tip-to-tip lengths ranging from 150 to 300 nm and studied
them experimentally with optical (dark- eld scattering) and
electron (monochromated STEM-EELS) excitation in Biggins,
Yazdi, and Ringe.®® These results were supported by extensive
numerical studies obtained using the DDA for optical
(DDSCAT™ ") and electron (e-DDA modi ed from ref 74)
excitation showing an array of modes spanning the UV, visible,
and near-IR.

The rst seven LSP modes in hexagonal Mg NPs obtained
numerically are shown in Figure 6 and map directly to the rst
seven solutions to the Helmholtz equation in a hexagon. Given
they both are determined by these solutions, the LSP modes
match those published for hexagonal waveguides.®” The two low
energy modes are the edge-to-edge and tip-to-tip dipoles, which
are degenerate in energy. The next modes are two also-

Figure 6. Mode evolution from hexagons to elongated, (1011)-twinned
folded hexagons (tents). Energy increases from left to right, and AR, L/
W, increases from top to bottom. Red and blue coloring represents the
magnitude and sign of the electric eld perpendicular to the surface of
the NP, calculated either with an electron beam excitation (a yellow dot
indicates the position of the incident beam) or with plane wave
excitation (single arrows point in the propagation direction, double
arrows represent the polarization). The (I, t) notation applies to the tent
NPs, and the thick bars are plots of eq 3 for each mode, overlaid by the
NPs at approximately L/W (AR) = 1.7 and 2.2. Both eq 3 and
experimental data indicate a change in the order of energy of the (1, 1)
and (2, 0) LSPRs as AR increases. Adapted with permission from refs 63
and 62. Copyrights 2018 and 2020 American Chemical Society.

degenerate quadrupoles. Following are the nondegenerate tip
and edge hexapoles (sometimes referred to as sextupoles),
where the edge hexapole is of higher energy, and nally a radial
breathing mode is expected at higher energy.’®

Experimental STEM-EELS data, obtained for nine hexagonal
NPsofdi erent sizes, match extremely well the modes predicted
by e-DDA (Figure 7a,b). First, at low energy, dipolar modes are
excited and produce a donut-shaped EEL probability. The
spatial distribution of the excitation probability for the next
modes are not as simple, since in this size range nondegenerate
modes are very close in energy. The experimental data show a
single Gaussian-like peak that we call mode 2 at higher energy
than the dipole, with strong excitation probability at the NP’s
tips. Numerical results show that this is in fact the excitation of
the quadrupoles and the tip hexapole; however, they cannot be
resolved using EELS owing to their extensive spectral and spatial
overlap, not even with the advanced spectral deconvolution
techniques previously successful at extracting plasmon
modes.””%° > The LSPR next higher in energy displays
experimental loss probability high at the edges and center of the
NP; numerical results attribute this to exciting both the edge
hexapole and breathing mode. Further modes are present with
ever-increasing overlap as the spacing between modes narrows
with rising energy.

The twinning of Mg along (101x) and (112y) produce folded
and kite structures that display plasmon modes inherited from
those of single crystal hexagonal plates. However, the modes
become richer because much of the degeneracy observed in
hexagonal plates is lifted by the increase in projected aspect ratio
(AR) caused by the folding and elongation along the twin plane.
In tents, for instance, the shortest possible projected AR, from
folding a hexagon, is 1.31. Experimental ARs range from 1.2 to
2.2: ARs lower than 1.31 are due to corner rounding, and the
larger ones are explained by preferential deposition and growth
along the twin plane.®®’® The ARs of the other folded and kite
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Figure 7. Calculated and experimental near- eld plasmonic properties of (a, b) Mg hexagonal plates and tent NPs of AR (c) 1.7 and (d) 2.2.
Schematics of the Crystal Creator-generated shapes are shown in gray (hexagonal plates) or dark green (tentsinthe con guration with respect to the
substrate). For each NP, the following are reported: information about size, a HAADF-STEM image, bulk Mg EELS plasmon map (10.6 eV, green), e-
DDA-calculated EEL excitation maps (except for (b)), and experimental EELS maps. The experimental maps are integrated across 0.05 eV centered at
the labeled energy. The EELS intensity scale is the same across each NPs to allow direct comparison. Adapted with permission from refs 63 and 62.

Copyrights 2018 and 2020 American Chemical Society.

shapes are similarly in the 1.2 2.2 range while rod-like
structures such as lled chairs and truncated hexagons reach
ARs of up to 8.

In the case of folded and rod-like shapes, the simple multipole
nomenclature of modes is unsatisfactory; a more appropriate
notation is (I, t), where | represents the number of nodes along
the length of the particle (longitudinal) and t is the number of
nodes along its width (transverse). Starting with a hexagon, the |
direction can be set from tip-to-tip and the t as an edge-to-edge
perpendicular to I. The dipoles are thus (1, 0) and (0, 1), the
quadrupoles are both (1, 1), the hexapoles are (1, 2, tip) and (2,
1, edge), and the breathing mode is (2, 2). In elongated NPs, the
previously degenerate modes split and change into resonances
that follow the relative energy of standing wave frequencies ( )
for the modes in an L x W rectangle with nodes (l, t), where c is
the speed of light:

t2 !
2 C2$+ _2
W ®

This implies that modes with nodes along the long axis will be
more stable than modes with the same number of nodes along
the short axis; as the AR increases, long axis nodes decrease in
energy. The splitting and evolution of modes from a hexagon to
a tent with AR = 2.2 is shown in Figure 6. The dipoles split into
longitudinal dipole (1, 0) and transverse dipole (0,1), with the
(1, 0) of lowest energy as expected since the NP is, by de nition,
longer in the longitudinal than the transverse direction. One of
the hexagon’s quadrupoles becomes the tent’s (1, 1) with one
node along the twin plane and the other its perpendicular. The
other quadrupole transforms into the (2, 0) mode by joining the
oscillation phase in the middle of the NP, thereby annihilating
one transverse node and creating an extra longitudinal node.
Similarly, the (2, 1) edge hexapole retains its pattern, while the
(1, 2) corner hexapole turns into the (3, 0) longitudinal mode.
The radial breathing mode of the hexagon becomes the (0, 2)
transverse higher order mode. A number of additional modes
with energy above that of (3, 0) are also present, including the
(3, 1) and mixed | modes, as discussed in more detail in ref 62.
Lastly, as the AR increases beyond 2.2, longitudinal modes (I, 0)
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become dominant and numerous, as observed by STEM-EELS
for Mg nanorods with AR of up to 8.0.5

The spatial distribution of the many modes in Mg tents is
shown for two NPs in Figure 7c,d. The experimental and
numerical eld patterns and energies convincingly match for
both small and large AR NPs, in part because of our
understanding of the NP shape and its orientation with respect
to the substrate and our ability, with Crystal Creator, to add an
oxide shell and thus match experimental conditions.

The energy of the longitudinal dipole (1, 0) resonance in
hexagonal, folded, and kite structures is determined by the
length of the particle, consistent with the concept of plasmon
length.*®% Indeed, NPs with the same tip-to-tip distance have
comparable longitudinal dipole energies, as shown in Figure 8

Figure 8. Numerical results on the optical scattering by Mg NPs of
di erent shapes with the same length, L = 234 nm, coated witha 4.5
nm MgO layer in a vacuum. From top to bottom, a kite (yellow), taco
(red), chair (blue), tent (green), and hexagonal plate (gray). Incident

eld direction (E;,.) and polarizations are shown in the inset. Solid lines
represent polarization along the long axis (Poll); dashed lines,
polarization along the short axis (Pol2). Adapted with permission
from ref 62. Copyright 2020 American Chemical Society.

for 234 nm long NPs. Similarly to tents of di erent AR, the
relative intensity and energy of higher order modes vary
signi cantly from shape to shape. This is evident in the spectral
signature from 200 to 600 nm in Figure 8; further studies are
underway to fully characterize these di erences, in particular in
the near eld. The varied shapesa orded by twinning in Mg NPs
thus provide opportunities to sculpt the energy and localization
of strongly enhanced electromagnetic “hot spots” across the
many high order modes present.

Size E ects. LSPRs spanning the UV, visible, and near-IR can
be obtained with Mg NPs and are modulated by NP size, a
hallmark of plasmonic behavior. The hexagonal plates’ mode
energies shown in Figure 9 were extracted by Gaussian tting of
the STEM-EELS data set, while the sizes, de ned as tip-to-tip,
were measured from the HAADF-STEM images acquired
during the same experiment. STEM-EELS results from nine
hexagonal plates measuring from 162 to 273 nm show plasmons

Figure 9. Size e ects on the LSPRs of Mg NPs. Experimental (a) Mg
hexagonal plate EEL and (b) Mg tent optical dark eld scattering
spectrum. The insets in both (a) and (b) show the associated HAADF-
STEM image and SEM image, respectively; both have scale bars of 100
nm. (c) Experimental and e-DDA-calculated EEL mode energy for
modes 1, 2, and 3 as labeled in (a). (d) Experimental and DDA-
calculated optical scattering mode energy for the dipole labeled LSPR1
in (b). Adapted with permission from refs 63 and 62. Copyrights 2018
and 2020 American Chemical Society.

from 1.29 eV (960 nm) for mode 1 in the largest NP to 3.77 eV
(330 nm) and beyond for mode 3 in the smallest NP. The three
lowest energy modes, keeping in mind that modes 2 and 3 are
each superpositions of two LSPRs, display a statistically
signi cant size dependence. These trends are well matched by
numerical results performed for oxide-coated NPs on a
substrate.

STEM-EELS results on tents and rods also show size
dependence (e.g., Figure 7c,d), albeit these are more di cult
to correlate because of the additional e ects of AR, requiring
much more data. Size e ects were revealed using a higher
throughput approach: correlated spectral scanning hyper-
spectral dark- eld optical microscopy® and scanning electron
microscopy (SEM). Data for 25 tents of various AR sitting either
with their fold bisector perpendicular to the substrate (
con guration), or one of their {0001} facets parallel to the
substrate (' ), is shown in Figure 9d, with an example for a single
correlated measurement in Figure 9b. The energy of the
longitudinal dipole, labeled LSPR1 in Figure 9b, varies as a
function of length for tents of di erent AR in a statistically
signi cant manner (Figure 9d). The other modes are generally
weak and di cult to t, as is obvious from the numerical
predictions in Figure 8, and experimental optical results has not
yet yielded statistically signi cant trends. The match with
numerical (DDA) results obtained for oxide-coated tent NPs of
various ARs on a substrate is moderate (Figure 9d). The
discrepancies can be attributed to variations in both metal and
oxide thickness as well as imperfect shapes due to etching. Note
that the substrate orientation has little e ect on the longitudinal
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dipole energy, as shown by the distribution of lled and empty
circles; we observed and calculated® that it does however have a
marked e ect on higher order modes and eld localization.
Chemical Properties: Opportunities and Challenges.
Galvanic Replacement. Unlike established plasmonic materials
(Cu, Ag, Au), Mg is far from noble,*® as shown in Table 1.

Table 1. Standard Reduction Potential (E°) against the
Standard Hydrogen Electrode (SHE) at 25 °C and 1 atm'®®

reaction E° (V) vs SHE
Li*t+e Li 3.0401
Mg? +2 Mg 2372
AP +3e Al 1.662
Fe¥* + 3e Fe 0.037
Cu**+2 Cu 0.3419
Ag*+e Ag 0.7996
Pd* +2  Pd 0.951
At +3e  Au 1.498

When a metal of more negative reduction potential (such as Mg)
encounters an ion with a more positive reduction potential (such
as Au), electron exchange takes place in a process called galvanic
replacement (GR). GR has become a pillar of bi- and
multimetallic NP synthesis in particular using Ag and Cu as
sacri cial or semisacri cial templates.®*'% Using Mg as a
template is exciting because, in the metallic form, Mg has such a
large negative standard reduction potential that it is expected to
spontaneously exchange electrons with most metal ions except
the alkali, alkali earth, and some lanthanides and actinides.
Further, if not fully replaced, Mg can maintain plasmonic
properties that can be combined with the other functionalities
a orded by the added metal. This approach o ers tremendous
design opportunities covering the transition metals, post-
transition metals, and metalloids, many of which have

fascinating magnetic, catalytic, plasmonic, or electronic proper-
ties.

Mg NPs are so labile to replacement that Niu et a and
Lui et al.**® called them “superactive”. They have shown that
NPs produced by laser ablation of a Mg target can be used as a
reducing agent for Au and Ag, with the obvious drawbacks of the
setup complexities and lack of size/shape control associated with
laser ablation. Colloidally synthesized Mg NPs bring a fresh
breath of synthetic opportunities using the GR approach. In
Asselin et al.,"*® we explore these exciting avenues and describe
the synthesis of the bimetallics such as the plasmonic MgAu and
MgAg and the plasmonic-catalysts MgPd and MgFe. The degree
of replacement is stoichiometry-controlled, shown for Au, from
potassium gold(l11) chloride (KAuCl,), in Figure 10. As more
Au is added to the dry ethanolic solution, up to the full
conversion stoichiometry of 2Au®*:3Mg° (0.67 Au equivalents),
the characteristic ruby color of small Au NPs intensi es (Figure
10b) and increasing numbers of Au NPs can be seen on the Mg
templates (bright in Figure 10g k). Beyond 0.67 Au
equivalents, full replacement occurs and leads to a collapse of
the underlying structures (Figure 10I), as well as aggregation
discernible by a loss of color (Figure 10b). In partially replaced
NPs, the distribution of Mg metal is irregular and appears
modulated, to some extent, by the position of the Au NPs
(Figure 10c f).

Partial GR of well-de ned faceted Mg NPs can be extended to,
in principle, most of the elements to the right of Mg in the
periodic table. We performed GR of Mg by Ag, Fe, and Pd as a
proof of this concept. Their immediate and straightforward
success reinforces that Mg is a suitable platform for GR with
most elements, providing a chemical form soluble in a
nonaqueous solvent is chosen, here potassium
tetrachloropalladate(Il) (Na,PdCl,), silver nitrate (AgNO;),
and iron(lI1) chloride (FeCly) in ethanol. As for Au, these

[ 106,107

Figure 10. Galvanic replacement of colloidally synthesized Mg by Au in nonaqueous environment. (a) Reaction schematic. (b) Color change owing to
the formation of Au NPs up to 0.6 equivalents (eq), and aggregation at 0.8 eq (¢, €) HAADF-STEM images of decorated structures and (d, f) associated
STEM-EDS elemental maps. (g I) SEM images of GR products of Mg NPs by Au for di erent Au equivalents, all on the same scale as shown in (i).

Adapted with permission from ref 109. Copyright 2019 AIP Publishing.

https://dx.doi.org/10.1021/acs.jpcc.0c03871
J. Phys. Chem. C 2020, 124, 15665 15679


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03871?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03871?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03871?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03871?fig=fig10&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03871?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Feature Article

Figure 11. Partial galvanic replacement of Mg NPs leads to decorated bimetallic structures. The color change shown in the top panels indicates the
gradual loss of Mg plasmonic response and the increase in the (a) Ag plasmonic signal and interband absorption in (b) Pd and (c) Fe. HAADF-STEM
images of (d) MgAg and (e) MgPd and the TEM image of (f) MgFe show characteristic hexagonal or folded hexagonal templates. Decorations are of
higher Z than Mg and thus appear brighter in HAADF-STEM (d, e) and darker in TEM (f). Adapted with permission from ref 109. Copyright 2019

AIP Publishing.

metals undergo GR and coalesce into small NPs that are found
almost exclusively at the surface of the Mg template. Increasing
the concentration of metal ions leads to an intensi cation of the
optical signature of the decorating metal, plasmon resonances
for Ag and interband absorption for Pd and Fe (Figure 11a c).
The density of decoration, and extent of Mg metal removal from
the templates both increase with added metal ion. These e ects
were quanti ed to support the GR mechanism: ICP-MS showed
increasing amounts of Mg in the supernatant with increasing
metal addition, and UV vis spectroscopy con rmed the
disappearance of metal ions and the appearance of metallic
NP signatures.*®®

The morphology of replaced structures from Mg appears
signi cantly di erent from that obtained when Al NPs are used
assacri cial templates, as in Clay etal."*® and Cui etal.*** Thisis
due, at least in part, to the di erent NP shapes, which tend to be
sphere-like for FCC Al. Another key di erence is that the GR
reported here is nonaqueous, while that reported for Al is
performed in concentrated aqueous NH,CI. This a ects both
the metal precursor speciation via pH control,*** and the Al
template’s reactivity by inhibiting hydroxide formation. These
initial results on the replacement of plasmonic Al and Mg NPs
pave the way for an exciting array of synthetic approaches for
bimetallic NPs.

Oxidation. Bulk Mg reacts with water and violently burns in
air. Compounded with the enhanced surface area to volume
ratio of NPs, this chemical reactivity appears to doom Mg'’s
stability. To the contrary, the thin oxide formed at the surface of
Mg NPs encapsulates the metallic core and bestows its stability
in air and in most solvents except water. Figure 12 shows the
spectroscopic characterization of this oxide layer on multiple
NPs, all exposed to air during sample puri cation and
preparation. STEM-EDS maps (Figure 12a c) of hexagonal
plates and a tent suggest a thickness of 20 nm; this is an upper
bound given the delocalization of EDS as well as the sampling
geometry through rounded edges. STEM-EELS maps are shown
in Figure 12¢ alongside STEM-EDS maps for a hexagonal plate
that su ered some etching. This allows the probing of three side
facets and a rough estimation of the oxide layer thickness. The
approximate full width at half-maximum for the oxygen peaks in
the EDS line pro le are, from left bottom to right top, 23, 14, and
20 nm; for EELS these are 24, 20, and 15 nm, again rough
estimates given the 7 nm pixel distance. A more direct view of
the oxide layer was obtained by milling a cross-section with a Ga
ion beam, as shown in Figure 12d. The magnesium oxide
thickness in this case is 6 7 nm, in line with the bulk values of a
few to a few tens of nanometers, 314

The e ects of the oxide layer on plasmonic properties is
di cult to probe experimentally, because thickness is heteroge-

neous even at the particle level, and growing a thicker oxide
controllably has proven challenging. This can be explored
numerically, however, as is shown in Figure 12e. MgO is an
insulator with a dielectric constant of 1.7 in the visible; " adding
increasingly thick layers to a 230 tip-to-tip, 30 nm thick
hexagonal plate leads to a sequential red shift of the modes
caused by the increase in local refractive index. The shape of the
spectra, however, does not change, meaning that Mg metal
retains its plasmonic properties even in the presence of the
oxide. The scattering from a 230 wide, 30 nm thick NP coated on
both sides with 20 nm of MgO retains more than half the
intensity as that of an uncoated NP, albeit with a signi cant
redshift. This aligns with computational results from Gutierrez
etal., wherea 100 nm red shift and no decrease in absorption
cross-section is shown for a 40 nm radius sphere of Mg metal and
a 20 nm metallic sphere coated with 20 nm of MgO. The oxide in
Mg appears to be less detrimental than the oxide in Al: the same
authors report a near-complete damping of the LSPR absorption
for the 20 nm Al,O, coated 20 nm radius Al sphere,'°
consistent with our own results on coated, truncated Al
bipyramids.”

The core Mg is e ectively encapsulated by this oxide layer
such that it remains metallic and plasmonic. The oxide layer and
underlying metal can be imaged directly in STEM, as shown in
Figure 13a (dark eld, DF) and at atomic resolution in Figure
13b (bright eld, BF). The outer layer is cubic MgO viewed
along its c-axis. The lattice spacing observed is 2.1 A,
corresponding to the {200} spacing in MgO; this oxide layer
is less than 10 nm thick. The Mg is seen along the c-axis as well,
displaying the expected hexagonal pattern and lattice spacing of

3 A for the {1010} planes. Further studies of the crystal
structure and orientation using di raction are reported in ref 62.

The metallic nature of the NP, critical for its plasmonic
properties, has further been con rmed with EELS. Indeed, Mg,
like Al, has a very strong bulk plasmon resonance in the low-loss
region that can be used to quickly identify regions of metal vs
oxide, as was done in Figures 7 and 12. The peak of this bulk
plasmon resonance is located at 10.6 eV, as shown in Figure 13c.
Further, the shape of the core-loss Mg peak indicates its
oxidation state; a hydrogenic shape, i.e., with a sharp rise,
characteristic of Mg metal is seen in the central parts of the NPs
(Figure 13d), while a more structured spectrum was observed
for the oxide-rich shell.**°

The powder X-ray di raction pattern of dried powder thinly
spread on sticky tape shows the characteristic metallic Mg peaks
at2  322,34.4,36.6,47.8,57.4,and 63.1°, corresponding to
JCPDS 04-0770. The pattern obtained does not match either
MgO (JCPDS 89-7746) nor Mg(OH), (JCPDS 07-0239),
suggesting the oxide layer present has very small domain size,
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Figure 12. Spectroscopic characterization of the oxide layer formed on
Mg NPs and its e ect on the plasmonic behavior. HAADF-STEM and
combined EDS maps of Mg and O K for (a) a hexagonal plate, (b) a
tent NP. (¢) HAADF-STEM and STEM-EDS maps of the K emission
of Mg and O and STEM-EELS maps of the K absorption edge of Mg
and O. The line pro les shown for EDS and EELS on the right were
extracted and binned orthogonally along the same position shown as a
white line in the O EELS map. (d) HAADF-STEM of a Pt-protected
Mg hexagon cut as a thin cross-section by a Ga focused ion beam viewed
perpendicular to the ¢ axis, associated STEM-EDS maps of the K
emission of Mg and O, and line pro le extracted and binned
orthogonally along the white line shown in the O EDS map. (e)
DDA-calculated e ect of the oxide layer on optical far- eld scattering
for a 30 nm thick, 230 nm tip-to-tip Mg metal hexagonal plate. Mg is
colored green; O is colored red. Scale bars are 50 nm in (2) and (c) and
100 nm in (b) and (d). Adapted with permission from ref 109.
Copyright 2019 AIP Publishing. Adapted with permission from refs 63
and 62. Copyrights 2018 and 2020 American Chemical Society.

consistent with a polycrystalline, sub-10 nm shell. This oxide
layer bequests Mg NPs their surprising stability, even in ambient
air. The same sample periodically probed over 15 days while
stored in ambient air does not show signi cant loss of Mg metal
signal, as shown in Figure 13e. This stability in air is encouraging
for the potential applications of Mg, although it is clear that its
reactivity with water and hydroxide will pose signi cant
challenges.

Figure 13. Presence and stability of Mg metal in Mg NPs. (a) DF-
STEM of the region indicated in the inset from a NP galvanically
replaced with Au. The scale bar in the inset is 50 nm. (b) Annular bright

eld (BF) image of the same region as in (a) and associated Fourier
transforms showing Mg and MgO both viewed along the c-axis. EELS
data show the presence, within the NP, of a (¢) strong bulk plasmon and
(d) hydrogenic K-edge shape, both characteristic of metallic Mg. The
EEL spectrum positions are noted in the inset, where scale bars are 100
nm; the size of the square represents 4 times the acquisition area for
clarity in (c) and the acquisition area in (d). (e) Powder X-ray
di raction pattern of Mg NPs in ambient air. Mg metal peaks are labeled
with a triangle. Particles were stored in 2-propanol under Ar, deposited
and dried in air, and then left in ambient air for the remainder of the
experiment. Di raction patterns were obtained immediately (red line)
and at 24 h (purple line), 72 h (blue line), 7 days (green line), and 15
days (yellow line) after deposition. Panels ¢ and e were adapted with
permission from refs 62 and 63, respectively. Copyrights 2020 and 2018
American Chemical Society.

CONCLUSIONS AND OUTLOOK

Over the last 30 years the understanding of the shape, synthesis,
and plasmonic applications of the noble metal Ag and Au has
expanded to a mature eld. The past decade has seen a growing
interest in alternative materials for plasmonics and the
emergence of, among others, Al. While some of the scienti ¢
knowledge acquired during this blooming of nanoplasmonics
can be applied to the newcomer Mg, much remains to be studied
and established, fueled by Mg’s promise as an earth-abundant,
full-spectrum alternative material.
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Here, recent advances on the understanding of shape,
plasmonic properties, and chemical reactivity of Mg were
discussed. Mg's HCP crystal structure is unusual for plasmonic
metals (although common across the periodic table) and
bestows on it a large array of potential twin planes, leading to
peculiar shapes. Among those are folded and kite structures for
monotwins, which are predicted by a modi ed Wul
construction and observed experimentally in colloidal mixtures.
The far- eld scattering and near- eld light localization of these
shapes was presented, highlighting that Mg  rmly belongs to the
plasmonic materials class and that its resonances can span the
UV, visible, and near-IR. Lastly, detailed studies of the oxide
layer and its protective e ects as well as proof-of-concept results
on the rich array of bimetallic NPs possible using partial galvanic
replacement were described.

Asigni cant challenge going forward is shape control. This is
2-fold, as twinning and growth are both key. Obtaining
monodisperse samples rst requires control over twinning in
the early phases of nucleation and growth. The understanding of
the thermodynamics of early nuclei formation is incomplete,
with no “twinning phase diagram” such as those for Au yet
available."*"*'® Experimental tools to control twinning in Mg
also are yet to come; in noble metals, this is possible using an
intermediate etching step in seed-mediated syntheses or
surfactant control during nucleation.****?° Neither has been
reported for Mg, and the latter is complicated by the strong
reducing environment necessary for Mg reduction. Selective
control of expressed facets, lending a given nuclei its nal shape,
is obtained for Au, Ag, and Al with the addition of surfactants or
binding agents during growth; once again this is made di cult
by the strong reducing environment in Mg’s synthesis. Changing
the Mg metal precursor and manipulating the availability of
additional organometallic molecules and ligands, provided they
are stable in the mixture, is a likely way forward. Once achieved, a
rich range of anisotropic shape will be available, based on Mg’s
numerous twin planes and intrinsically anisotropic crystal lattice.

Adding to the richness of potential shapes, it is unlikely that
we have explored all the possible twins of Mg; the (112y)-
twinned structures with y > 1 remain experimentally elusive but
promise additional kite-like NPs. Multiply twinned NPs are also
in principle possible, yet only hinted at rather hesitantly, on the
basis of a single experimental observation, by Ohno et al.”® If
realized, these would also provide pathways to new and unusual
shapes, as they have done for Ag and Au.

There is also much to be learned about the use of Mg as a
template for multifunctional materials, for instance through the
creation of conformal thin shells, which could provide
protection against degradation in water, as well as controlled
decoration with additional metals. Control of the oxide
formation during the multistep synthesis will be important,
and etchants such as those used for Cu NPs*** may play a role.

Mg and Mg-based bimetallic NPs have potential applications
mapping on those of Al, Ag, and Au, while bene ting from full
biocompatibility and a broad range response but su ering from
high reactivity. As for Ag and Au 30 years ago, there remains vast
unchartered territory on the understanding, control, and
applications of Mg nanoplasmonics as sensors, photocatalysts,
photothermal materials, eld enhancers for spectroscopies, and
many more.
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